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RESULTS OF PHASE C31AHGE PAINT HEAT TRANSFER TESTS UTIUZING 


0.040 SCALE 50Z FOREBODY HODELS (NO. 82-0) OF THE 
ROCXHELL INTERNATIONAL SPACE SHUTTLE ORBITER 
IN AEDC VtC? HYPERSONIC TUNNEL B (TEST OH54A) 

by 

W. H. Dye 

Shuttle Aerosclences 
Rockwell Interoatlonal Space Diviaion 

ABSTRACT 

Results of aerodynamic heating tests on a Rockwell International 
Space Shuttle orbiter using, the phase change paint technique are presented. 
The test was conducted in the AEDC Tunnel B in October 1974. The model 
was a 0.040 scale representation of the forward 50 percent of the orbiter. 
Surface roughness effects on boundary layer transition were investigated. 
Roughness was simulated by using steel balls varying in diameter from 0 
(no balls) to 0.039 inch and with 0.040 inch wide by 0.080 inch deep gaps. 
A nominal Mach number of 8 was tested with Reynolds number varying from 
0.75 through 3.5 million per foot. Angle of attack was varied from 20° 
to 40°. 
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I5TBQDUCTI0H 


Aerodynamic heating phase change padnt hypersonic vind tunnel 
tests were conducted on O.OUO scale 50? forebody models of the Rockwell 
International Space Shuttle Orbiter (models 82-0 ) to determine the 
effects of v^iotis roi^ghness elements on boundary layer transition. 

The testa were conducted in the Arnold Engineering and Development 
Center VKF hypersonic wind tunnel B from October 1 through 9, 197^. 
These tests, 0H5^A, were the first of three series of entries in the 
facility to comp-lete 0H5^. 

•Three (3) different roughness elements were tested: 

1 ) transverse gaps , 

2) transverse plus longitudinal gaps (simulating the 
landing gear door), and 

3) small steel balls (boundary layer tripping device). 

A smooth model was eiiso tested. 

The tests were condi;cted at Mach 8 and Reynolds numbers raiaging 
between 0.75x10^ /ft and 3.5xl0^/ft. Model angle of attack was varied 
from 20® through ^0° . 
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V 


CCSIPUISB 

STNBOL 


h(to) 


BONElCLAlCBi; 


tETHinoi 


apeclflc heat of the Bodel material, BlU/lb- y 

2 

acceleration due to gravity, 32.17 ft/aec 
heat transfer coefficient based on 


H(.9 to) heat transfer coefficient based on • 0.9 

H(.fl67 to) heat transfer coefficient based on - 0.867 

HREF reference heat -transfer coefficient based on Pay- 

Rlddell Theory, B5U/ft^-sec. -°B 


MACH 50. 


p-np 


Q-IHF 


free stream Mach no. 

reference nose radius (O.OhO ft model scale, 
1 ft full scale) 

free stream static pressure, psla 
Prandtl number 

tunnel stilling chamber pressure, psla 
defined in contert 
free stream dynamic pressure, psla 
uni versed, gas constant, ft-lb^/lh^-°R 
free stream unit Reynolds number, ft"^ 


I^LL-MOrCL model roll angle, deg. 


OT(TO) 


Stanton number based on T : 

o 


ST(T0) 


’p V [.2235 + 1.35xlO-^(T„ + 560 )]x32.17 
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BOKEICLATORE (Continued) 


SXKBOL 

OOKTOTER 


SYMBOL 

DEFINITION 


STBKP 

reference Stanton auaber: . 



ST('TO) -yj^2235 + 1.35x10-^(Tq + 5^)1x32.17 

T 

aw 


adiabatic wall tea^perature, °F 

T 

TBAB 

Tpe ' ^IN 
Taw " Tib 



initial model t«Bperature, °7 

Toe 

T-np 

free stream static temperature -°B 

V 

TPC 

paint melt temperature, °F 

To 

TO 

0 

tunnel stilling chamber temperature, R 

t 

TIME 

time froEB start of model injection, sec. 

At 

lAlli TiJGS 

time model exposed to airstream, sec. 

Ve 


velocity at edge of the boundary layer, ft/sec. 

Vec 

V-HP 

free atream velocity, ft/aec. 

I 


longitudinal coordinate 

O' 

ALPHA-MOnSL 

model angle of attack, deg. 

Op 

ALPHA-PREBEND 

sting prebend angle, deg. - 

Ob 

ALPHA-SECTOR 

tunnel sector pitch angle, deg. 

P 


defined in context 

y 


ratio of specific heats of air 

k 

K 

model therBoconductlTlty,Bro/ft-sec-°F 

M 00 

MU-IHP 

2 

free stream viscosity, Ib-sec/ft 

Ma 


2 

stagnation air viscosity, Ib-sec/ft 
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B0MSICI.A3VBS (Concluded) 


COMPUTER 
SYMBOL SYMBOL 

P RBD 

Ps 

Eao-Dff 
'P lAW 


lETUEITIOH 

air vlacoelty along aodel vail, Ib^j^/ft-sec 
Bodel matorlal denBlty,lb^/ft^ 
air density along aodel vail, 
stagnation air density, Ib^j^/ft^ 
free stream air density, slng/ft^ 
model yav angle, deg. 
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OEIGLN'AL PAGE IS POOR 
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CX)HFIGURmOIS IBVESTIGA 2 ED 



The models were 0.040 scale representations of the forward 50 ^ 
of the Rockwell International Space Shuttle Orbiter. The models 
conformed to Rockwell lines VLTO-OOGl^OC. 

Five (5) different models were utilized. They were designated as 
82-1, 82 - 3 , 82-5, 82-8, and 82 -U. The - 1 , -3, and -5 were made of 
Orunmian proprietary material 'G* cast on a steel sting. Models 82-8 
and 82-11 were cast from Lockheed proprietary material "LH" on a steel 
sting. Shrinkage during curing of the cast models reduced the scale 
of each modal to 0.0397* Dif’erencea in the models were as follows: 


Test 

Model Configuration 

No. Ho. Definition 


82-1 1 

82-3 3 

32-5 5 

82-8 8 


Paint stripe model used as reference for model 
coordinate systan. Figure 3 defines its grid 
systen. 

Smooth model with no protuberances, gaps, 
grooves , or boundary layer tripping devices ; 
used to define control (or baseline) data. 

Model with simulated landing gear do* ’; gaps 
nominally O.O3O in. wide by O.O8O in. deep as 
shown on Flgiure 2a. 

Mr '’el with simulated reuseable carbon carbon- 
Uign tsnperature reuseable surface interface 
(RCC-HRSI) on the lower surface. The 
Interface was Blmulated by a transverse gap 
O.CAO inch wide by O.O80 inch deep 2 ^ of 
body length aft of the nose as shown in Figure 
2b. 
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OOXTIQURAIIOIS IXVESTI6A3ED (Concluded) 


Test 

Hodel Configuration 

Wo. Bo. Definition 


82-11 11 Kodel with a stainless steel insert located 

11.1^ of body length aft of the nose on the 
lover surface. Interchangeable trip rings 
consisting of stainless steel balls spot velded 
to a contoured fuselage segsient vere fit into 
the insert. Trip rings vlth O.CXX) (no balls), 
0.015, 0.020, 0.031, and 0.039 inch diameter 
halls were tested. See Figure 2c. 

The body length (total orbiter fuselage length referred to above) is 
1293.3 inches, full soale^ 


Model dimensional data are given in Table III. 
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TKJT FACILirr rESCRIPnOH 


The Arnold Engineering Development Center' (AEDC) is an Air Force 
Facility located in Tullahona, Tennessee. The tunnel used, Tunnel B, is 
located in the von Karaan Facility portion of this center. Engineering 
and other technical operations in this ti'-nnal are performed by contractor 
personnel of AEO, Inc. 

Tunnel B is a continuous, closed circuit, variable density vind 
tunnel with an axtsyimetric contoured nozzle and a 50-inch diameter test 
section. Ihe tunnel can be operated at a nominal Kach number of 6 or 8 
at stagnation pressures from 20 to 300 and 50 to 900 psia, respectively, 
euad at a stagnation temperature of up to 1350®R. The model may be in- 
jected into the tunnel for a test run and then retract<d for model 
cooling or model changes without interrupting the tunnel flow. 
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TEST PBOCEDDHB 

Tea?i.la<^, a Toalble coating that changes phase fzxs& an opaque 
solid to a transpaLrent liquid at temperatures specified by the man- 
ufacuirer, vaa used to Indicate the location of Isothexr&s on the model 
surface. The paints used had melting taiiparatores of 130, 1T3 , 200, 

250 , 300 , 330 «nH 1*00 degrees Fahrenheit. 

(S) 

A Beattie -Coleman Varltron" TO mm sequence camera vas used to 
record the progression of Isotheroa on the windward surfhce as f> 
function of time during each test run. The cai^ia vas located on the 
top of the wind tunnel and photographed the bottom surface of the 
Orbiter models. The camera vas operated at a nominal rate of 1 frame/ 
sec. Kodak rai-X Parr^ black-and-white film was used. 

IXial television uonitors were used throughout the test to further 
record the effects of planfom area reduction on heating rates emd to 
facilitate on-line cross-referencing. 

Prior to each test run, the model was cleaned with a solvent, 
spray-painted with the phase -change coating, and allowed to reach 
isothermal conditions. The model was then injected into the wind tunnel 
for about 30 seconds, during which time the progression of the isotherms, 
indicated by the denarcation between melted &Lsd unmelted coating, vas 
continuously photographed. The model was then retracted from the wind 
tunnel and the cycle repealed for the next run. The model temperature 
was measured prior to «ich run using a thermocouple probe. 

Test conditions are presented in Table I and a test summary is 
in Table II. 
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DATA REIOmoa 


Thin film beat transfer coefficients were calculated for each melt 
^^p» at which i>hotogzapha were taken. The coefficients were calculated 
assuming three different recovery factors: 


0.867, 0.90, and 1.0 


The foUovli^g calculations were then performed to obtain thin film 
coefficients: 

- V ■ 

T I 

■^aw - 

i 

I 

, 9 I 

\ '' 

where the flow parameter v results from iterative solution of: 


1 -Vk= 


(1 - erf (j) 


Theoretical thin film heat transfer coefficients and atagpatlon 
point heating rates were calculate^ using the equations given below: 
= (.T68)(Cp)(P^ 


where 




Pp (m, C and k for air) 

k •*' 


o The streamwise velocity gradient 
dx along the model surface 



DATA BEOKTIOS (Concloded) 


and 



a Bose radius, .Oto foot radios (l foot full scale) 


?! a 



1 



y 

v-1 


■> + 1 




y 

y-l 


Melw lines have been traced from selected photograidts tahen daring 
the test and are presented at the bach of this report. Only Orblter 
bottom surface tracings were obtained during this test. Each melt line 
on the tracings Is identified by a nuaber corresponding to a picture 
number. Kiin film coefficients and free stream data corresponding to 
each picture number are presented on pages following «uih tracing. 
Station nufflbeie of melt lines on each tracing be detexolned using 
sketches of g;zd.d patterns in Appendix A corresponding to each model 
attitude that weis tested. 
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BESUIffS A£D DISCOSSIOB 


Uncertainties of the basic tunnel paraaeters vere estlaated from 
repeat calibrationa of the PO and TO inatroaests and from the repeat- 
aollity and uniformity of the tunnel flow during calibrationa. The 
parameters PQ; 70, and KAUI 50. with their uncertainties vere tl»n 
used to compute the uncertainties in the other parameters dependent on 
these by mpann of the Taylor series method of error prop&4,atlon. 

Uncertainty, percent 

MACH K). PO TO KB /ft 

+ 0.3 + 0.5 + 0.5 + 1.2 

An estimate of the data precision of phase change paint data is 
hampered by the fact that an observer most determine the location of 
the melt line. For this analysis, only uncertainties attributable to 
the measured parameters are considered. The parsBcters needed for 
the solution of the equation for the heat-transfer coefficient, h, are 
Tpjj, and At. The table below Bunajarizes the nominal 


uncertainties ^n these specific parameters. 

Parameter 

Uncertainty (+) 

it 

+ 1.0 


+ 10.0 

Tin 

+ 0.5 


+ 1.0 

T 

pc 

+ 0.5 
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H^QLTS AID mSCCSSIOI (Concluded) 


It should be remeabered that the above uncertalntlea in 1 and 

AV 

Tp^ only reflect noalnal measurement uncertainties. As previously 
^entloned, the interpretation of vhen phaae change occurs (l.e., 
is a matter of observer experience, and the •correct" assuaption of 
vhat should be used for also requires engineering Judgaent. 
However, combining the above measureoent uncertainties with tl» 
-•orrespondlng error sensitivity factor (derived by using tl» equation 
'or the heat-transfer coefficient, h, and taking the square root of 
the sum of the squares) yields the foUowlngt 

for ^ 200°P, h uncertainty « + 13 percent 

for 5pc > 200°F, h uncertainty ss + 11 percent 





1) Hube, F. K. , ’’IASA/RI 0H5^ Shuttle Transition Test Final Data," 
ASDC VKF Tunnel B Project VU1B-82A, October, 19Jk. 

2) Cunailngfl, J. W., "Pretest Inforaation For Riaae Change Paint Testa 
on ,040 Scale 50^ Porebody Models of the Rockwell International 
Speu:e Shuttle Orblter In the AEDC *B' Rypersonlc Wind Tunnel. 
0H5^," SD7^-SH-025^, Rockwell International, Septeaber, 197^- 
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TABI2 I 


TEST CSIDISIOXS 


M 

X 

Pq, psia 

HI 

0 

h Btu 

®» 2 0 
ft^-sec- H 

Re /ft X 10-^ 

7.93 

155 

1270 

0.014 

0.75 

7.9^ 

210 

1275 

0.016 

1.00 

7.95 

265 

1280 

0.018 

1.25 

7.96 

320 

1290 

0.020 

1.50 

7.97 

375 

1295 

0.022 

1.75 

7.98 


1300 

0.023 

2.00 

7.98 

h 90 

1310 

0.025 

2.25 

7.99 

555 

1320 

0.026 

2.50 

7-99 

610 

1325 

0.027 

2.75 

7.99 

670 

13P 

0.029 

3.00 

8.00 

735 

1330 

0.030 

3.25 

8.00 

800 

1335 

0.031 

3.50 
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TABIi III (Conci-idod) 
MOIEL DIKE 5 SI 01 AL HATA 


MOXflSL OCMPOEHg: CABDFT - 

GZHESAL LESGSXFTIOHt Conflgor&'tion h c&oopy &nd vj.iidslil6ld u usod 
with Bpc, six glasa panes in windshield 


MOIEL SCAIE: O.OHO 


mmsa msmR: 


VLTO-OOOllvOB, l 40 C, 202 B 


HQSSSI 055 : 

?ULL SCAIZ 

MOIEL SCA 12 

Lenfftd (Xq » 1 * 34.643 to 670) In. 
Max Width 

235.357 

9 . 4 i 4 

Max Depth Glass > In. 

28.00 

1.12 

lose/windshield Intersection, X^ <» 

434.643 

17.386 
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a. lAnalng Ckar Door Sisulation 
Tigure 2. - Model Sietchee 








Model 82-11 Trip Ring Insert 
Figure 2 . (Continued) 








ii 


t;' 

•n 





26 


'J 

^ '' 


Ci 

O 

<r ^ 


Lii 


r^: 

5 

r 

D> 


-j 



S 



U 

Cu. 

H- 

K 

5 

2 ; 



o 



2 

J 

2 

h ^ 





Ml 

1/1 


IjJ 

o 


^ u 

J C- 

✓I 

g 

a 
a 
:3 


I 

\ ^ 


Figure 3- Paint Stripe Model Grid Locations 
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GRID TRACINGS 
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APPENDIX B 

TABULATED DATA AND ISOTHERM CONTOURS 


Note: Data are presented in order of increasing group number. Freestream 

conditions are given for oil flow visualization runs. No oil flow 
visualization photographs are presented. 
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